Much of the information on the health effects of radiation exposure available to date comes from long-term studies of the atomic bombings in Hiroshima and Nagasaki. Accidental exposures, such as those resulting from the Chernobyl and Kyshtym accidents, have as yet provided little information concerning health effects of ionizing radiation. This paper will present the current state of our knowledge concerning radiation effects, review major large-scale accidental radiation exposures, and discuss information that could be obtained from studies of accidental exposures and the types of studies that are needed. Environ Health Perspect 1 04(Suppl 3): 643-649 (1996) 
Introduction
Ionizing radiation is one of the agents in our environment for which genetic and cancer risks have been best studied and characterized to date. This is mainly due to two facts: large populations have been exposed and followed for decades and, compared to many other environmental agents, radiation exposures are relatively easy to reconstruct on an individual level, at least for exposures received at high exposure rates and high levels.
The information available to date on radiation risks comes from several sources. Epidemiological studies of large populations that have received relatively high doses of y or X radiation at a high dose rate (atomic bomb survivors, patients treated by radiotherapy for malignant or benign diseases, occupational exposures in the early years of medical exposures) or high doses of a partides in a protracted fashion over many years (hard rock, particularly uranium, miners) have been carried out (1-3). More recently, there have also been large-scale epidemiological studies of populations that have received low doses in a protracted fashion as a result of occupation, mainly in the nuclear industry (2, 4, 5) . Large-scale animal experiments have been carried out in order to understand the effects of different radiation types, exposure levels, patterns of exposure, and modifying factors (1-3). There have also been cytogenetic, molecular, and genetic studies aimed at understanding the mechanisms of radiation-induced carcinogenesis (1, 6) .
Nonroutine environmental exposure to ionizing radiation of large populations has occurred through accidents but also through acts of war and war-related activities. Such exposures can be divided into two types: those that affect only a limited number of persons (mainly workers at the location of the accident) and those that involve large groups of the general population. Accidents limited to a few exposed persons are much more frequent than those yielding global environmental contamination and may go unreported. Most of the known accidents resulted in relatively high doses to small numbers of persons (7). Doses among the study subjects ranged from 0 up to 6 Gy; the distribution of doses was skewed, with the majority of survivors receiving less than 200 mGy. In all, about 12,500 persons received doses of 1 Gy or above (9) , and those tended to be the subjects who were closest to the epicenters. Several versions of the dose estimates have been derived over time. Those currently used are based on the Dosimetry System 86 (DS86) (8) . The neutron component of the dose is currently being reevaluated (13) , but this is unlikely to have a substantial impact on the risk estimates (14) .
Because of the size of the exposed population, the availability of individual dose estimates, and the distribution of ages and sexes in the population of survivors, the Life Span Study is at present the most informative single study of radiation effects; it is the main basis for radiation risk estimates and radiation protection standards today (1,2,15,16). 
Results
The early effects of the bombings have been extensively described: they included thermal, mechanical, and radiation (in particular radiation-induced bone-marrow depletion) injuries (17) . Late effects observed among the survivors were cataracts (18) and increased cancer risk (9) , as well as microcephalia and mental retardation in those exposed in utero (19) . There was no apparent effect on life shortening and aging (20) and on the incidence of most noncancerous diseases (21) . There was also no evidence of genetic effects (22, 23) . Among cancers, the first increase was observed in leukemia mortality, which peaked in the period between 1950 and 1954 (9) . Increases were observed for all leukemia subtypes except chronic lymphocytic leukemia (CLL) (24), a disease virtually unknown in Japan, and adult T-cell leukemia. Although the relative risk has decreased since then, it is still significantly elevated (24) . The increased leukemia risk was the main long-term effect of radiation observed until 1970. Leukemia mortality is best described by a linear excess relative risk model of the form:
where d denotes the radiation dose, t attained age, e the age at exposure and s the sex of the subject (1, 25) . In such a model, the relative risk and the latent period are functions of age at exposure and of dose: indeed, the relative risk was highest and the latent period shortest for those who were children at the time of the bombing. Likewise, most other epidemiological studies have shown an increased risk of leukemia, starting shortly (2-5 years) after exposure (1, 2) .
From 1974 onward, a rapid increase in mortality from solid cancers became observable (25% in the period 1974-1978); significant increases were observed for cancers of the esophagus, stomach, colon, lung, female breast, ovary, urinary tract, and multiple myeloma (9) . A significant increase in thyroid cancer incidence was also observed (26) .
Solid cancer mortality is best described by a linear excess relative risk model of the form:
where d denotes the radiation dose, e the age at exposure (for breast cancer only) and s the sex of the subject (25, 27) . In this model, the cancer mortality among the exposed is proportional to that of the nonexposed and the latent period is independent of dose and age at exposure.
It is noteworthy that the total number of cancer deaths attributable to radiation among the atomic bomb survivors is relatively small: about 10% of the 6,000 solid cancer deaths and 55% of the 200 leukemia deaths observed to the end of 1985 (9) . In the higher dose categories, however, most of the cancer deaths are attributable to radiation exposure. Despite this fact, this study is the most informative single study on States, the United Kingdom, and Canada . Most of these studies have provided little evidence of dose-related increases in all cancer mortality, although statistically significant associations between mortality from all cancers combined and cumulative radiation dose were observed in two studies of Oak Ridge National Laboratory employees in the United States (49) and of the employees of the Atomic Weapons Establishment in the United Kingdom (40) . The statistical power of individual studies was, however, low and in most cohorts the confidence intervals of the risk estimates were compatible with a range of possibilities, from negative effects to risks an order of magnitude greater than those on which current radiation protection recommendations are based. Combined analyses of data from some of these studies have therefore been carried out at the national and international levels (4, 5, (55) (56) (57) specifically to test the adequacy of existing risk extrapolations. Table 2 presents the results of the International Agency for Research on Cancer (IARC) international combined analyses (5), carried out on 96,000 workers, and compares them to estimates obtained from IARC reanalyses of the atomic bomb survivors data. As in the latter study, a doserelated increase in leukemia mortality has been observed among nuclear industry workers; the estimate of risk per unit of radiation dose is intermediate between the linear and linear-quadratic extrapolations from atomic bomb survivors data (the latter estimate is one of the bases for current radiation protection recommendations). Given the width of the confidence interval, however, the workers' estimate is also compatible with a reduction of risk and with risks twice the linear extrapolation from atomic bomb survivors. The estimate for all other cancers combined is close to zero, but, like the leukemia estimate, the confidence interval includes the extrapolation from atomic bomb survivors.
The size of the estimated risk for low-dose protracted exposures is relatively small: the excessive relative risk (ERR) of 2.1 8/Sv for leukemia corresponds to a 22% increased risk of dying from leukemia for a dose of 100 mSv received in a protracted fashion. For comparison, although the current recommendations of the International Commission for Radiation Protection (15) are to limit doses to 100 mSv over 5 years for workers (and 1 mSv/year for the public), only 8% of the 96,000 workers in the (58, 59) , are needed to reduce the uncertainty further.
Studies ofAccidental and Nonroutine Exposures
Studies of other exposed populations, particularly the populations exposed accidentally, could also provide important information to answer the outstanding scientific and radiation protection questions. The effects of protracted exposures could be examined in studies of Chernobyl emergency accident workers and in populations living along the Techa River or exposed as a result of the Kyshtym accident. The effects of relatively low doses, such as those resulting from environmental exposures in areas contaminated by the Chernobyl accident; effects of exposure to different radionuclides and different types of radiation; and effects of factors that may modify radiation induced risks could also be studied.
To be informative, studies of accidentally exposed populations must, like the atomic bomb survivor and the nuclear worker studies, fulfill several important criteria: they must cover very large numbers of exposed subjects, the follow-up must be complete and nonselective, and precise and accurate individual dose estimates (or markers of exposure that are sensitive and specific) must be available.
Several papers in the current session cover aspects of the Chernobyl follow-up. Given the levels of environmental exposure of the general population (Table 1 ), the population movements that have taken place since the accident, and in the absence of systematic individual exposure estimates, it is unlikely that a follow-up of the general population living in contaminated territories will be very informative for radiation risk estimation.
The observation of an early and dramatic increase in the number of thyroid cancer cases in children (Table 3) in Belarus, Ukraine and, more recently, in Russia (60) , however, may give important information about host and environmental factors that may modify the risk of radiation-induced cancer, in particular a possible genetic predisposition and stable iodine status (61) . Studies are being set up to investigate this hypothesis.
Another potentially informative population exposed to radiation as a result of the Chernobyl accident is that of the clean-up or emergency accident workers (Table 1) . Provided adequate estimates of individual exposure can be derived, either by questionnaire from official dosimetry records or by sensitive and specific biological markers, studies of emergency accident workers could provide important information on the effect of exposure rate and of different radionuclides (62) . Large-scale analytic epidemiological studies of cancer risk Studies of populations environmentally exposed in the southern Urals (Table 1) are also underway (63, 64) . Given the size of the exposed populations and levels of exposures, if cohort ascertainment and follow-up can be systematic and complete and if reliable individual dose estimates can be obtained, these studies will provide very valuable information on the effects of dose protraction at different exposure levels and for different radionuclides.
Conclusions
Although much is known concerning risks associated with radiation exposure, important scientific and radiation protection questions concerning radiation risks remain. The study of survivors of the atomic bombs dropped on Hiroshima and Nagasaki in 1945 is currently the most important single study of radiation risks in humans. Because of the nature of the exposure, however, remaining questions concerning exposure protraction, exposure type, and some host and environmental factors, which may modify radiation risks, cannot be answered from studies of the atomic bomb survivors and other highdose studies. Careful studies of other populations, exposed accidentally or occupationally, are therefore needed.
